Abstract. A crucial step to assure proficient work of power and process apparatus is their proper design. A wide array of those devices operates within boiling or condensation of the working fluid to benefit from high heat transfer rates. Two-phase flows are associated with high heat transfer coefficients because of the latent heat of evaporation and high turbulence level between the liquid and the solid surface. Predicting heat transfer coefficient and pressure drop is a challenging task, and has been pursued by researchers for decades. In the case of diabatic flows, the total pressure drop is due to the change in kinetic and potential energy. The article presents detailed boiling pressure drops data for R134a at a saturation temperature of 19.4 o C. Study cases have been set for a mass flux varying from 300 to 500 kg/m 2 s. Presented data along with the data reduction procedure was used to obtain the momentum pressure drop values during flow boiling. The study focuses on experimental values of momentum pressure drop component and its prediction based on various void fraction models and entrainment effects.
Introduction
Rising energy costs and environmental considerations are driving industry for renewable energy use [1] , major gains can be made by increasing the efficiency of energy utilization, i.e. recovering low-grade waste heat [2] , improving process efficiency [3] , or utilizing thermal energy [4] .
An essential step to assure efficient work of power and process apparatus is their proper design [5, 6] . A wide range of those devices operates within boiling or condensation of the working fluid to take advantage of high heat transfer coefficients [7] . Two-phase flows are associated with large rates of heat transfer because of the latent heat of evaporation and enhancement of the turbulence level between the liquid and the solid surface [8, 9] . High heat fluxes can also be obtained by means of numerous enhancement technologies [10] [11] [12] . Predicting heat transfer coefficient and pressure drop is a challenging task, and has been pursued by various research for decades. In the case of diabatic flows, it has been shown that total pressure drop is the summation of acceleration, static and frictional pressure drop [13] .
The frictional pressure drop of two-phase flow is a function of fluid properties and significantly depends on mass and volume fractions of the mixture. Past research aimed at predicting the frictional pressure drop, includes a large number of studies that rely on either the Homogeneous Equilibrium Model (HEM) or semiempirical correlations [14] .
The research by Revellin and Haberschill [15] focused on experimental frictional pressure drop predictions, compared to 485 database points for smooth tubes from the literature. It was reported that the Quibén [16] displayed the best consistency with experimental data points. The 74% of the data were predicted by the latter model within a 30% error band. Furthermore, model predicts a maximum pressure drop before the annular-to-dryout transition, i.e. as usually in the annular flow regime. The frictional pressure drop of R-134a investigations in 5mm diameter smooth pipes was presented by Andrzejczyk et al. [17] . The study showed that updated Quiben [16] model by Thome [13] and Zhang and Webb [18] obtain the best consistency with experiments with a mean absolute deviation (MAD) under 20%. It was also noted that both models predict well peak pressure drop.
Garcia [19] presented an experimental study on R-407C two-phase flow in a smooth copper tube, alternating from 4.5 to 8.0 mm inner diameter, evaporation pressures (10 and 12 bar), mass flux (from 180 kg/(m 2 s) to 500 kg/(m 2 s)). The effects of vapor qualities, diameters, mass fluxes and saturation pressures on the two-phase flow pressure drop were studied. The experimental data were compared with 18 most common correlations. Results showed that Cicchitti et al. [20] and Sun and Mishima [21] correlations provide the best results.
The article presents detailed boiling pressure drops data for R134a at a saturation temperature of 19.4 o C with inlet subcooling of 7K and 14 K. Study cases have been set for a mass flux varying from 300 to 500 kg/(m 2 s). Presented data along with data reduction procedure was used to obtain the momentum pressure drop values during flow boiling.
The study focuses on experimental values of momentum pressure drop component and its prediction based on various void fraction models and entrainment effects. The primary objectives of the present study are to:
 Provide an experimental database including multiple data points in transition and dryout flow regions for two-phase total pressure drop.  Provide an experimental procedure for obtaining acceleration pressure drop in a horizontal channel, and recognize its effect on values of total pressure drop in a horizontal tube.  Conduct a systematic assessment of the entrainment on total pressure drop.
Experimental Setup
In order to obtain experimental values of momentum pressure drop component, the experimental facility is an R134a loop consisting of a reservoir of refrigerant, a pump, a conditioner, a flow meter, a heated test section, a visualization glass, an adiabatic section and a condenser. The loop is schematically represented in figure 1. The fluid pressure in the loop is set by controlling the temperature in the main tank where the refrigerant is at saturation conditions. The fluid is circulated by a magnetically coupled gear pump. The conditioner is a shell and tube heat exchanger with glycol in the shell side which is used for adjusting the R134a inlet temperature. The glycol temperature is controlled by the air-cooled chiller. The refrigerant flow rate is measured by a Coriolis type mass flow meter. The heated section is made of stainless steel, as a seamless pipe. The tube is electrically heated by Joule effect with the use of a low voltage DC power supply. The section is thermally insulated with a thick layer of mineral wool, thus thermal losses are neglected. The section is 2m long, with 5mm and 8mm internal and external diameter respectively.
Nine galvanically separated thermocouples are distributed along the tube wall surface, additional two are inside the tube in order to measure the local fluid temperature. The adiabatic test section is a thermally insulated 1m long stainless steel pipe with an inner diameter of 5mm and 8mm outer diameter. The piping system at the supply and outlet of the sections is made with similar pipe dimensions, thus compression and expansions effects are eliminated.
The measurements data are acquired by National Instruments CompactRIO data acquisition system. The signals from measuring devices were processed with the aid of the LabVIEW application. The temperatures, absolute pressures, pressure differences and mass flow rates were acquired at a frequency of 2 Hz. For every experimental point -about 100 data points were acquired. Additionally, in order to verify the steady-state conditions, data points were doubled after 15 minutes. Two-phase total pressure drop was directly measured with a differential pressure transducer, same type differential pressure transducer was used to measure adiabatic pressure drop at the second test section. The heat flux was determined according to eq.:
The absolute pressure at the inlet and outlet of the heated section was also recorded and was used for obtaining the saturation temperature Tsat of the fluid based on the equilibrium thermodynamic properties using NIST REFPROP fluid database [22] . The fluid outlet quality (xout) was determined from mass and energy conservation equation (2) .
where: hlv -is the latent heat of evaporation, L -is the length of the heated section, m  -mass flow rate of the refrigerant, q  -heat flux density, cpl -specific heat of liquid phase, Tsub -is the inlet liquid subcooling. The local heat flux as the function of generated Joule heat is assumed to be constant during the evaporation process along the length of the tube. In order to determine the reliability of the experimental results, an uncertainty analysis was conducted on all measured quantities as well as the quantities calculated from the measurement results. Uncertainties were estimated according to the standard procedures described by NIST [23] .
Results
The total pressure drop of fluid Δptotal is the summation of acceleration, static and frictional pressure drop according to eq (3) if acceleration and static pressure drop are present.
where Δpgrav is the elevation head pressure drop and can be omitted in case of a horizontal tube, Δpmom is the momentum pressure drop created by the acceleration of the flow in a heating/cooling process, and Δpfrict is the frictional pressure drop of two-phase flow. Most commonly [24] [25] [26] [27] the momentum pressure is expressed by means of eq. (4).
(4)
Differences between void fraction correlations are minor, therefore in the further analysis, only three formulas were used. The author's previous studies [17, 28, 29] have shown that the predictions given by various methods differ significantly, therefore a modification of Thome [13] approach was proposed. The modification proposes to calculate the friction pressure drop at the interface of the liquid-vapor mixture based on modified velocity due to entrainment.
The velocity is calculated based on the density of the vapor-droplet mixture at the core of the annular flow. It is calculated based on a homogeneous flow for the core flow as follows
where εc is the void fraction of the core flow:
The liquid entrainment fraction correlation by Tibiriçá [30] used in this study: 
where the superficial gas velocity Weber number is defined as:
The superficial gas velocity is calculated as:
and liquid Reynolds number :
The details on calculation of the friction factor during the annular flow are presented in detail in [13] .
The obtained experimental pressure drop data at the were compared with the Darcy-Weisbach correlation, assuming the friction coefficient according to the Haaland [31] and Blasius equation, with pipe internal roughness height given by supplier lower than 0.03mm.
Adiabatic pressure drops as indicated in the introduction can be measured after preparation of vaporliquid mixture in heated section. Varying the inlet subcooling temperature of working fluid will influence the amount of heat necessary to obtain same vapor quality. Figure 2 [13] . The pressure drop increases exponentially with increasing mass flux. It can also be seen that the two-phase pressure drop is increasing for higher exit vapor quality with a maximum around vapor qualities around x=0.8-0.9, as reported in the literature. The proposed model modification with entrainment effect allows to better predict the peak pressure drop values. As can be clearly seen proposed modification provides better data representation for selected flow range. As the mass flux is lower thus the lowers the entrainment effect thus the modification in case of G=300kg/m 2 s is closer to original model [13] . The pressure drop component due to acceleration varies with outlet vapor quality and void fraction. Literature models of a void fraction are created with the assumption that the same flow regimes are obtained at the same local liquid and vapor flow rates. In order to calculate the momentum pressure drop from adiabatic and diabatic experiments, a piecewise decomposition of the flow must be performed. Due to the limited data points, polynomial interpolation of the data is necessary as described in [16, 29] . Electric heating of the channel allows us to assume constant heat flux density along the heated channel length, therefore a linear change in local thermodynamic vapor quality of the flow can be assumed. Therefore the pressure drop along the heated channel can be recreated by using friction pressure drop values at "local" vapor qualities at heated channel length. Rearranging eq.(3) the momentum pressure drop can be calculated by subtracting frictional pressure drop from measured values of total pressure drop in heated section. This operation for an infinite number of points can be expressed as an integral in form of eq. (11) . The accuracy of this method highly depends on polynomial interpolation of the data. For presented data, the best fit error was below 1%, which corresponds to total momentum pressure drop of 1.15% (11) From the analysis of data presented in figure 6 , a good consistency with the homogeneous model is visible for all of the cases. Predictions given by homogeneous model compared to other correlations in that flow range differ as much as 50% corresponding up to 1kPa, for vapor quality range 0.2 to 0.8. As can be seen, all of the void fraction correlations under predict the experimentally obtained momentum pressure drop. The influence of various void fraction correlations is more pronounced in higher velocities.
Conclusions
As the first step of this work, an experimental study was undertaken in order to obtain total and frictional pressure drop values during flow boiling of R134a in a smooth horizontal tube, at a saturation temperature of 19.4C with inlet subcooling of 7 and 14K.
The experimental campaign acquired over 300 experimental data points. Based on gathered experimental data, momentum pressure drop was obtained, from a comparison of the adiabatic frictional pressure drop and total pressure drop in diabatic section.
The flow range was chosen to represent an annular flow pattern.
Verification of the momentum pressure drop predictions showed that all void fraction correlations predict experimental data fits in the range of ±30%. For experimental flow range, the homogeneous model yields the best consistency with experimental data.
The proposed modification of the annular flow model allowed to obtain better peak pressure drop prediction.
